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Fire Resistance of 
Prestressed Concrete Beams 


STUDY C: 
Structural Behavior During Fire Tests 


by A. H. Gustaferro, M. S. Abrams, E..A. B. Salse* 


SYNOPSIS 


This report describes the third part of an investigation of the fire resistance of simply 
supported prestressed concrete beams. Fire tests were conducted on thirteen 40-ft-long 
tee beams. In three beams, cold-drawn 7-wire strand was pretensioned. Post-tensioned, 
high-strength, hot-rolled alloy steel bars were used in three beams; and post-tensioned, 
buttonheaded, cold-drawn wires in cables were used in four. Grade 40 deformed bars 
were used in one nonprestressed beam and Grade 60 in two. Some of the beams were 
made of structural lightweight concrete and the others of normal-weight concrete. In 
some of the beams, the post-tensioned reinforcement was grouted and in the others it 
was unbonded. The minimum concrete cover for each beam was 2% in. All beams were 
simply supported on rocker-roller supports and sustained full design load during the 
tests. Fire endurances ranged from 3 hours to more than 6 hours. Analyses of struc- 
tural behavior during the tests are given. Data are also included on deflection, elonga- 


tion, and steel and concrete temperatures. 


Keywords: aggregates, beams, fire resistance, fire tests, prestressed concrete, reinforced 


concrete, thermal expansion. 


INTRODUCTION 


This is the third of a planned series of 
reports on the fire resistance of pre- 
stressed concrete beams. Study A,(!)** 
the first report, presented data on the 
effect of cover thickness; Study B(2) was 
on the influence of aggregate type and 
load intensity. Both previous reports 
dealt with I-shaped beams, simply sup- 
ported with a span of 20 ft. This report 
deals with essentially rectangular beams, 
simply supported with a span of 40 ft. 
The objective of the present program 
was to obtain data that could be used to 
develop methods for calculating the be- 
havior of concrete beams exposed to fire. 
The program was designed to study the 


*Formerly Manager, Principal Engineer, and 
Structural Engineer, respectively, Fire Research 
Section, Research and Development Labora- 
tories, Portland Cement Association, Skokie, 
Ill. 


**Superscript numbers in parentheses desig- 
nate references on page 22. 


© Portland Cement Association 1971 


behavior of beams during fire tests as 
affected by (1) type of reinforcement, (2) 
bonded and unbonded post-tensioned 
tendons, and (3) lightweight and normal- 
weight concrete. 

Materials were selected to represent a 
wide range of types of reinforcement and 
concrete used in reinforced and pre- 
stressed concrete construction. PCA’s 
beam furnace can accommodate speci- 
mens up to 40 ft long, so beams of that 
span were used. They provided an oppor- 
tunity to study the behavior of beams of 
greater length than those usually fire- 
tested. 


SPECIMENS 


Description of Beams 


Details of the specimens are shown in 
Figs. 1, 2, 3, and 4. Beams were essen- 
tially rectangular, 14 in. wide and 25 in. 
deep with 4x6-in. flanges. In all cases, the 
minimum cover for reinforcement was 2% 


in. The main bars in Beams 84, 85, and 
86 were straight, but in the prestressed 
beams, the prestressing steel was draped 
or deflected. 

In Beams 73, 74, and 75, three double- 
row hold-down devices, shown in Fig. 5, 
were used for deflecting the strand 4 ft 
on each side of midspan. To ensure that 
the reinforcement did not bond to the 
concrete, the high-strength alloy bars of 
Beams 80 and 81 and the cold-drawn 
wires of Beams 76 and 77 were lubricated 
and wrapped with asphalt-impregnated 
paper. Bars of Beams 82 and 83 were 
enclosed within 1%4-in.-diameter mortar- 
tight, fully interlocked flexible metal con- 
duits. Conduits in Beams 78, 79, and 89 
were 1% in. in diameter. Each cable in 
Beams 76, 77, 78, and 89 consisted of 12 
cold-drawn %-in. wires, while the cables 
in Beam 79 were made of 11 wires. 

Conventional end anchorages were 
used with the post-tensioned reinforce- 
ment. Details for the beams containing 
high-strength alloy bars are shown in Fig. 
3. Each end of the beams with unbonded 
reinforcement contained four 
5%x5%x1%-in. wedge plates placed at 
right angles to the bars. After tensioning, 
the wedge anchors that gripped the bars 
were seated into the wedge plates. The 
wedge plates of the beams with bonded 
reinforcement were fitted with holes 
threaded to accept the pipe fittings used 
in the grouting operation. A mortartight 
sheet-metal transition cone connected the 
flexible metal conduit to the wedge plate. 

The end anchorages for the beams 
with post-tensioned cold-drawn wire 
cables are shown in Fig. 4. In these beams 
the top two cables were stressed from one 
end of the beam and the bottom cables 
from the other end. Bearing plates in 
Beams 76 and 77 were 6x8x7/8 in. in 
size. The cold-formed buttonheads of the 
wire were held by an anchor head at the 
movable end of the cable when tensioning 
occurred and in the bearing plate at the 
fixed end of the cable. After tensioning, 
precisely cut flat-plate shims were posi- 
tioned between the anchor head and bear- 
ing plate to maintain stress in the wire. 

Bearing plates in Beams 78, 79, and 89 
were 12x8x7/8 in. in size. These accom- 
modated the anchor heads at the movable 
end of two cables. Two 6x7%4x7/8-in. 
bearing plates held the buttonheads of 
the fixed end of two cables. After stress- 
ing the cables, a locknut over the 
threaded anchor head was tightened 
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Fig. 5. Roller-type hold-down devices used for deflecting pretensioned strand. 


against the bearing plate to maintain ten- 
sion in the wire. The bearing plates at the 
fixed end of the cable contained grout 
pipes. A mortartight sheet-metal funnel 
and trumpet connected the flexible con- 
duit to the bearing plate. 

All but two beams, 74 and 89, con- 
tained a 38-ft-long U-shaped cage of 
2x2—14/14 galvanized welded-wire fab- 
ric. Side and bottom concrete cover to 
the cage was about | in. 


Reinforcement 


Table 1 gives details of the reinforcement 
used in each beam. Representative 
samples of the steel were used for tensile 
tests. All reinforcement and anchorage 
devices were purchased from commercial 
suppliers. 


Concrete 


As shown in Table 1, two types of con- 
crete were used: normal weight and struc- 
tural lightweight. Carbonate sand and 
gravel from Elgin, Ill., were used in the 
normal weight concrete. The lightweight 
concrete was made with expanded shale 


from Ottawa, Ill. Petrographic analyses of 
the aggregates appear in Reference 3. 
Typical gradations are given in Table 2. 

Type III portland cement was used to 
get the high strengths required to accom- 
modate prestressing within a few days so 
that forms could be reused. 

Mix proportions varied somewhat 
from batch to batch because of aggregate 
moisture variations. Quantities for the 
normal weight concrete mix were: 


Pounds per cubic yard 
Material Average if Range 
cement 465 (460 to 476) 
water 236 (226 to 247) 
gravel 1,720 (1,710 to 1,735) 
sand 1,495 (1,480 to 1,520) 
= 


Slump ranged between 3 and 4 in., air 
content between 4 and 6 percent, and 
fresh unit weight between 144 and 147 
pef. 

For the lightweight concrete, the mix 
quantities were: 


Pounds per cubic yard 
Material Average Range 
aii 

cement 620 (614 to 626) 
water 396 (393 to 401) 
coarse aggregate 625 (610 to 645) 
medium aggregate 291 (290 to 295) 
fine aggregate 790 (765 to 815) 


Slump ranged between 2 and 3% in.. 
air content between 4 and 7 percent, and 
fresh unit weight between 100 and 103 
pel 


Instrumentation 


Each specimen contained 1-in.-diameter 
wells to accommodate Dunmore-type 
humidity-sensing elements(4) for measur- 
ing the relative humidity of the concrete. 
A typical layout of the wells is shown in 
Fig. 6. Wells were located about | ft from 
each end of the beam. Owing to the loca- 
tion of the pretensioned reinforcement 
near the ends of Beams 73, 74, and 75, 
the midwidth relative humidity was ob- 
tained from Wells 2 and 4, instead of 
Wells 1 and 3. 

Each beam was fitted with chromel- 
alumel thermocouples used to monitor 
the temperature of the reinforcing steel. 
All specimens contained complete sets of 
thermocouples at midspan. Temperatures 
were measured at midspan on each pre- 
tensioned strand of Beams 73, 74, and 
75, and each reinforcing bar of Beams 84, 
85, and 86. Four thermocouples, one on 
top and bottom and two at the sides, 
were attached at midspan to each of the 
high-strength alloy bars and cold-drawn 
wire cables of the beams with post-ten- 
sioned reinforcement. Access to wire 
cables or bars for attaching thermo- 
couples was made by cutting away a short 
section of the flexible metal conduit, Fig. 
7. The lead wires were looped at the 
point of attachment to allow for elonga- 
tion of the reinforcement during tension- 
ing and were brought out through a metal 
sleeve used to close the conduit opening. 
A completed assembly is shown in Fig. 8. 
Similar procedures were used for install- 
ing thermocouples on paper-wrapped 
cables. 

Additional thermocouples were at- 
tached to the bottom outermost preten- 
sioned strands of Beams 73, 74 and 75 to 
study the temperature distribution near 
the strand hold-down devices. Thermo- 


TABLE 1. Properties of Reinforcing Steel and Concrete 


ee 
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Le Reinforcing Steel Concrete 
Method Size Area of Yieid i Ultimate 28-day 
Beam Type of and steel, strength, strength, Type** strength, 
no. prestress number sq in. ksi* ksi psi 
84 Deformed bar, Grade 40 10 (8) 10.16 46 79 NW 6,360 
85 Grade 60 None 9 (8) 8.00 66 109 NW 5,370 
86 Grade 60 9 (8) 8.00 66 109 LW 6,030 
73 % in. (16) 2.30 (225) 261 NW 5,960 
74 Cold-drawn 7-wire strand Pretension % in. (16) 2.30 (220) 255 NW 6,320 
75 % in. (14) 2.01 (225) 261 LW 6,220 
80 Post. Unbonded 1 in. (4) 3.14 (137) 169 NW 5,450 
81t ’ Post. Unbonded 1 in. (4) 3.14 (137) 169 NW 5,820 
High-strength alloy bars 
82 Post. Bonded 1 in. (4) 3.14 (137) 169 NW 6,320 
83 Post. Bonded 1 in. (4) 3.14 (137) 169 LW 6,580 
76 Post. Unbonded % in. (48) 2.36 (217) 252 NW 5,700 
alan Post. Unbonded % in. (48) 2.36 (217) 252 NW 6,200 
78 Cold-drawn wire Post. Bonded % in. (48) 2.36 (217) 252 NW 6,030 
79 Post. Bonded % in. (44) 2.16 (217) 252 LW 6,120 
89 Post. Bonded % in. (48) 2.36 (217) 252 NW 6,390 


*Values in parentheses are for 0.2 percent offset. 
**NW = normal weight concrete; LW = structural lightweight concrete. 


tTested structurally, not firetested. 


couples were located 8, 16, and 24 in. 
from the hold-down points toward the 
centerline of the beams. 


Casting, Stressing, and Conditioning 


The beams were cast individually in wood 
forms supported by heavy steel upright 
side forms. Forms were carefully aligned 
and secured to the prestressing bed in the 
PCA Fire Research Laboratory.(5) Rein- 
forcement was positioned as shown in 
Figs. 1, 2, 3, and 4. Prior to concreting, 
the strands in Beams 73, 74, and 75 were 
stressed to 175 ksi. 

Concrete was mixed in a 6-cu ft tilting 
drum mixer. Internal vibrators were used 
to consolidate the concrete. Top surfaces 
of the beams were finished with wood 
floats. 

In the prestressed beams, the stress 
was transferred to the concrete after the 
concrete strength had reached 4,000 psi. 
High-strength alloy bars were initially 
stressed to 112 ksi and cold-drawn cables 
to 168 ksi. 

Beam 74 was damaged during stress 
transfer as a result of release of the forces 
at the hold-down points prior to the re- 


TABLE 2. Grading of Aggregates 


Percent retained 


| Carbonate aggregate* Expanded-shale aggregate * * 

Sieve 

size Sand Gravel Fine Medium Coarse 
3/4 in — = = = — 
3/8 in. _ 61 = 8 Si7/ 
No. 4 2 91 1 61 69 
No. 8 11 97 20 84 95 
No. 16 32 98 52 90 o7 
No. 30 56 99 74 93 O77 
No. 50 86 99 89 97, 98 
No. 100 98 99 96 98 99 

— 

Fineness 
Modulus 2.85 lp 6.44 SioZ ile eae 5.92 


*From Elgin, Ill. 
**FErom Ottawa, Ill. 


lease of the forces at the ends of the 
beam. Fig. 9 shows the cracks that oc- 
curred in the midspan region. Recom- 
mended practices were observed in stress- 
ing of all other specimens. 

Beams designated as “‘post-tensioned 


bonded” were grouted a few days after 
the steel was stressed. The grout consisted 
of cement, water, and a grouting agent, 
mixed to a creamy consistency. Water 
was first pumped through the conduits to 
clear the grout passage. Fig. 10 shows 
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irae r~8 water being forced out of a conduit of 
- 4 — one of the beams as grout was pumped 
1 * : a into the other end. When grout appeared, 
\ the bleed hole was plugged and full pump 
of dy, pressure of 150 psi was applied to the 
ts \ grout in the conduit. The entrance end 
| ii was then plugged completing the grouting 

o*4 o*2 process. 
Bec ee Concrete was cured in the forms under 
i as . IS esi 4 damp burlap at room temperature for 7 
be 42'-0" pl days. After curing, the specimens were 


removed from the forms and stored in air 
maintained at 30 to 40 percent relative 
humidity and 70 to 75 F. Holes beneath 
the hold-down anchors were filled with 
mortar. Beams were subjected to fire test 
or tested structurally (Beams 77 and 81) 
when the concrete in the dampest section 
dried to 75 percent relative humidity or 
when the concrete had dried for two 
years or longer. 


SECTION SECTION 
A-A B-B 


Note: In Beams 73, 74 and 75 Wells | and 3 were 24 deep 
and Wells 2 and 4 were 7" deep. Fig. 6. Locations of relative humidity wells. 


199 A le ol 


Fig. 7. Thermocouples attached to wires of post-tensioning Fig. 9. Cracks near midspan of Beam 74, which was damaged 
cable. during stressing. 


Fig. 8. Completed thermocouple assembly. Note lead wires Fig. 10. Water used to flush conduit was forced out during 
through sleeve to enclose conduit opening. grouting operation. 


FIRE TESTS 


General 


Fire tests were conducted in PCA’s beam 
furnace in essentially the same manner as 
in Studies A and B, with the exception 
that the span was 40 ft in Study C rather 
than 20 ft. A superimposed load was 
applied at eight equally spaced points 
along the span (Fig. 11) by means of 
identical hydraulic rams served by a com- 
mon pump. To minimize moment and 
axial restraint, hinged roller supports used 
in Studies A and B served as bearings. 
Table 3 shows the loads applied during 
the tests. Also shown are the concrete 
compressive strengths at the time of test, 
the calculated ultimate moment capac- 
ities, and the ratio of applied moment (at 
midspan) to the moment capacities. 
Values for specimen dead load were based 
on unit weights of 150 and 100 pcf for 
normal weight and lightweight concretes, 
respectively. The weight of the furnace 
closure, 40 lb per foot, was included as 
part of the dead load. Values of M,, were 


TABLE 3. Data on Specimens and Tests 


calculated in accordance with ACI 
318-63() with the capacity reduction 
factor, #, equal to 1.0. In the calcula- 
tions, measured values of concrete and 
steel strengths were used. Moment capac- 
ities of the two post-tensioned specimens 
with unbonded tendons were determined 
from results of load tests of companion 
full-scale specimens (see Appendix A). 
Fig. 11 shows the applied moment and 
ultimate moment capacity diagrams for 
one specimen in each of the four groups. 
Calculated concrete stresses at midspan 
are given in Table 4. 

Because the main variable of this series 
of tests was the type of reinforcing steel, 
it was deemed advisable to avoid a com- 
pressive type of failure. It was felt that 
during a prolonged fire test, the exposed 
portions of the flanges might retain little 
compressive strength and a compression 
failure might occur. To avoid this, 2-in.- 
thick felt-type board insulation was at- 
tached to the sides and bottom of the 
flanges. Insulation was held in place by 
thin wire hangers anchored in small- 


fs 
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diameter shallow holes drilled into the 
tops of the flanges. This was done for all 
beams except Beams 74 and 89. Tests 
were stopped when structural collapse 
was judged to be imminent; conse- 
quently, the reported fire endurances 
were dependent on the judgment of the 
test director. Possibly some of the tests 
could have been continued a few minutes 
longer. 

Sixteen shielded thermocouples, pro- 
tected and positioned in accordance with 
the requirements of ASTM E 119-67¢7) 
were used to measure and control the 
heating of the furnace. The thermo- 
couples were located 12 in. from the 
lower corners of the specimens. These 
positions were maintained during the test 
even though the specimen deflected be- 
cause the thermocouples were attached to 
the furnace enclosure, which in turn was 
supported by the specimen. 


Furnace Atmosphere Temperature 


Furnace atmosphere temperatures were 
programmed to follow the time-tempera- 


Beam Steel type Prestress Concrete f yl ‘ su gta ae anes at test, M D +M 1G Borer hae 
no. type* ksi days percent psi ft-kips u hr:mi 
84 | Grade 40 bars NW 46 882 72 7,230 398 0.543 5:11 
85 | Grade 60 bars None NW 66 903 70 5,910tt 438 0.546 6:13 
86 | Grade 60 bars LW 66 1,113 82 5,870 437 0.546 5:47 
iS NW 236 593 74 5,940 419 0.510 3:57 
7A¥ | 7-wire strand Pretension NW 234 508 76 6,800 423 0.511 Srod 
75 LW 239 879 76 5,990 378 0.511 5:0¢ 
80 . Unbonded NW 118 75 | 5,440 298 0.516 5:02 
81 . Unbonded NW 11844 82 6,310 - _ _ 

H.S.A. bars 
82 . Bonded NW 156 74 6,440 398 0.526 4:2¢ 
83 . Bonded LW 156 an 78 6,570 400 0.527 5:01 
T 
76 Post. Unbonded NW 167 72 5,450 18.61 | 611 | 5.67 318 0.520 3:04 
77 Post. Unbonded NW 16744 79 6,360 — 619§ | — — _ 
78 | Cold-drawn wire | Post. Bonded NW 229 68 6,300 18.31 | 825 | 8.74 441 0.535 3:26 
79 Post. Bonded LW 232 1,064 87 6,620 18.54 | 774 | 8.72 412 0.533 4:33 
89 Post. Bonded NW 231 79 6,840 asa 837 | 8.79 443 0.529 3:1€ 


*NW = normal weight; LW = lightweight. 
**Relative humidity at dampest portion. 


tEnd point not reached. Electric power failure occurred at 5 hr 11 min. Estimated end point about 6 hr. 


ttTwenty-eight-day companion cylinders. 
+Beam damaged during stress transfer, see text. 
+#Calculated from results of structural test. 


§Determined from structural test. Specimen not firetested, see Appendix A. 
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TABLE 4. Initial Prestress Force and Midspan Concrete Stresses in Prestressed Beams 


Concrete stresses at midspan, psi* 
Initial Finalt 
Initial 
prestress Prestress and dead Prestress, dead load, 
Beam Concrete Method of force, load and live load 
no. type** prestress kips al 
Top Bottom Top Bottom 

bm 
ks NW 403 +2,593 +1,808 -286 
74 NW Pretension 403 —276 +2,593 +1,831 -315 
75 LW 352 —341 +2,386 +1,687 -—495 

see j= 
80 NW 352 —177 +2,186 UIT +264 
Post. Unbonded 
81tt NW 352 —201 2725 — = 
[ | 
82 NW p Banted 352 —177 +2,186 +1,756 -456 
t. 
83 Lw Page te 352 | -340 | +2,386 | +1,802 | -593 
76 NW 397 - 263 +2,540 +1,185 +567 
Post. Unbonded 
77tt NW 397 -287 +2,569 _ = 
1 
78 NW 397 -263 +2,540 +1,907 -318 
79 LW Post. Bonded 363 —362 +2,475 +1,814 -436 
89 NW 397 —263 +2,540 +1,919 OOL 
*+ = compression,— = tension 


**NW = normal weight concrete, LW = structural lightweight concrete 
t+tAssumed prestress losses: pretension, NW = 25 ksi, LW = 35 ksi; post-tension, NW = 15 ksi, LW = 


20 ksi 


tt Tested structurally, not firetested 


TABLE 5. Corrections for Variations in Furnace 
Atmosphere Temperature 
(Section 5(c) of ASTM E 119-67) 


Specimen 


Correction, C, at test time 
indicated, minutes 


no. 


2 hr ate l ab 


84 
85 
86 


+0.8 


+0.5 
-0.9 


+0.2 
-1.0 
0) 


73 
74 
75 


=On7) 


80 
82 
83 


ture relationship specified in ASTM E 
119-67. Fig. 12 shows the maximum and 
minimum values of the average tempera- 
tures. Recorded average temperatures 
were well within the tolerances of ASTM 
E 119. A method for calculating correc- 
tions in fire endurances owing to varia- 
tions in furnace atmosphere temperature 
is given in ASTM E 119. Corrections for 
each hour of each test are in Table 5. 


OBSERVATIONS DURING TESTS 


Fig. 13 shows a 40-ft beam positioned for 
test in the beam furnace. Fig. 14 shows 
the furnace roof closure, hydraulic load- 
ing rams, and the thermocouple lead 
wires in place. These photographs are 
typical of all the beam specimens fire- 
tested in this series. 

Within 30 minutes after the tests were 
started, a considerable amount of water 
dripped from the ends of the beams 
where the pretensioned strands or un- 
bonded post-tensioned cables or bars 
were located. As the tests progressed, the 
dripping diminished and then stopped at 
about 1 hr 30 min. Small amounts of 
dripping water were also observed coming 
from the ends of the beams with grouted 
post-tensioned reinforcement. 

Flexural cracks in the bottom of the 
midspan region did not occur until at 
least half the test period had elapsed and 
after considerable deflection had devel- 
oped. These cracks were narrow, spaced 
18 to 24 in. apart, and extended only a 
few inches up the side of the beam. As 
the test progressed and the deflection 
increased, these cracks became wider, 
more closely spaced, and longer. Near the 
end of the test these cracks were about 6 
in. apart and extended to the top flange, 
as shown in Fig. 15. The flange then 
cracked and there was a gradual crushing 
of the concrete in the compression zone 
at the centerline as the deflection of the 
beam increased. It should be noted that 
no sudden failures occurred during any of 
the fire tests. The deflections decreased as 
the beams cooled. Fig. 16 is typical of the 
beams after cooling and removal from the 
furnace. 

Some spalling occurred on the under- 
side of a few beams. Generally, the board 
insulation attached to the side and bot- 
tom of the flange stayed in place for the 
duration of the test. Observations noted 
during individual tests are given below. 
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ie 40 
800 
a M2 
600 
400; Mp tM. 
200K BEAM 84 
REINFORCING BARS 


BEAM 73 
PRETENSIONED 7-WIRE STRAND 


Fig. 13. Specimen positioned for test in the PCA beam 
furnace. 


Bending Moment, Ft - Kips 


BEAM 82 
POST-TENSIONED HIGH STRENGTH ALLOY BARS 


BEAM 78 
POST-TENSIONED COLD- DRAWN WIRE 


Fig. 11. Loading arrangement and moment diagram for one 
beam in each group. 


Fig. 14. Furnace closure and hydraulic rams in place prior 


2000/ to fire test. 


1000 


Furnace Atmosphere Temp., °F 
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Fig. 12. Maximum and minimum furnace atmosphere tempera- Fig. 15. Flexural cracks in Beam 86 after fire test. 
tures during the 13 fire tests. 
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Fig. 16. Specimen after cooling and removal from furnace. 


Beams With Grade 40 and Grade 60 Bars 


Beam 84. Normal weight, reinforced 
with Grade 40 bars. A variety of very nar- 
row flexural cracks were observed in the 
midspan region at 2 hr 45 min test time. 
At 5 hr these cracks were about 1/16 in. 
wide, spaced from 6 to 12 in. apart, and 
extended at least halfway up the side of 
the beam. A few cracks near the center- 
line extended to within a few inches of 
the beam flange. An electric power failure 
terminated the test at 5 tir 11 min, at 
which time structural failure did not 
appear to be imminent. 

Beam 85. Normal weight, reinforced 
with Grade 60 bars. This beam performed 
about the same as Beam 84. The first 
flexural cracks were observed at about 4 
hours. Test duration was 6 hr 13 min. 

Beam 86. Lightweight, reinforced with 
Grade 60 bars. The lightweight aggregate 
near the surface began to blister at about 
4 hours test time. Most of the board insu- 
lation on one side of the beam and some 
on the other side dropped off after 5 
hours test time. Structural performance 
during the fire test was similar to that of 
Beams 84 and 85. Test duration was 5 hr 
47 min. 


Beams with Pretensioned Strand 


Beam 73. Normal weight, pretensioned 
strand. Ten minutes after start of test, 
water began oozing from both ends of the 
beam at the strand locations. This con- 
tinued until 1 hr 05 min test time. Flex- 
ural cracks near the center of the beam 
first appeared at about 2 hr 45 min after 
start of test. There was no loss of insula- 
tion from the beam flange and no spalling 


occurred during the test. Test was 
stopped at 3 hr S57 min. 

Beam 74. Normal weight, pretensioned 
strand. This beam had been damaged dur- 
ing fabrication (Fig. 9). The beam was 
tested without insulation of the flange 
and contained no welded-wire-fabric cage 
within the cover. No spalling occurred. 
Beginning at 30 minutes test time and 
throughout the test, short horizontal hair- 
line cracks appeared on the side of the 
beam in line with the strand reinforce- 
ment. Flexural cracking occurred at 
about 2 hr 45 min in the midspan region. 
The test was stopped after the midspan 
deflection exceeded 17 in. Test duration 
was 3 hr 33 min. 

Beam 75. Lightweight, pretensioned 
strand. A small piece of concrete 2 in. 
long by | in. wide spalled from the soffit 
of the beam about 4 ft from midspan at 5 
minutes. The expanded shale aggregate 
near the surface of the concrete along the 
bottom and sides of the beam began to 
blister late in the test, Fig. 17. The test 
was stopped after the deflection began to 
increase rapidly. Test duration was 5 hr 
09 min. 


Beams with Post-tensioned 
Alloy Steel Bars 


Beam 80. Normal weight, post-ten- 
sioned, high-strength alloy bars, un- 
bonded. Water began oozing from both 
ends of the beam around the bars within 
30 minutes test time. A number of longi- 
tudinal hairline cracks developed on the 
sides and bottom of the beam during the 
test. At about 2 hr 30 min, most of the 
board insulation attached to one side of 
the flange came off. The loss of the insu- 


lation did not change the beam’s behavior 
noticeably. Test duration was 5 hr 02 
min. 


Beam 82. Normal weight, post-ten- 
sioned, high-strength alloy bars, bonded. 
During the first 20 minutes of test, spall- 
ing occurred at the corner on the soffit 
and side exposing the cage of welded-wire | 
fabric, Fig. 18. Several flexural cracks in | 
the midspan region extending about 6 in. . 
up the side of the beam from the bottom 
developed at about 3 hr 10 min test time. 
These cracks became progressively wider 
and extended farther up the beam as the 
test continued. Failure occurred at the 
center of the beam when the flexure 
cracks extended to the top flange as a 
result of increased deflection of the 
beam. Test duration was 4 hr 29 min. 


Beam 83. Lightweight, post-tensioned, 
high-strength alloy bars, bonded. Ten 
minutes after start of test spalling oc- 
curred about 10 ft from one end of the 
beam in an area about 2 ft long and 10 in. 
wide on the bottom of the beam. The 
depth to which the spalling extended 
varied. As the test progressed the spalled 
area enlarged and extended to a depth of 
about 6 in. in one spot. However, the per- 
formance of the beam was not appreci- 
ably influenced by the spalling since the 
deflection during exposure was typical of 
the companion beams. Some bloating of 
the lightweight aggregate occurred toward 
the end of test. Test duration was 5 hr 01 
min. 


Beams with Post-tensioned 
Cold-Drawn Wire 


Beam 76. Normal weight, post-ten- 
sioned cold-drawn wire, unbonded. At 10 
minutes test time, spalling occurred on 
one side of the beam along the length at 
the corner where the side and soffit meet. 
Similar spalling occurred on the other 
side and extended 15 ft from one end. A 
triangular section of concrete about 2 in. 
on a side fell away and exposed the 
welded-wire-fabric cage at the bottom 
corners in these areas. Water began drip- 
ping from the tendons at the ends of the 
beam early in the test and continued for 
some time. Two significant flexural 
cracks were noted in the midspan region 
at about 2 hr 30 min. Test duration was 3 
hr 04 min. 

Beam 78. Normal weight, post-ten- 
sioned cold-drawn wire, bonded. Cracks 
were observed on the sides and soffit of 
the beam at 2 hours. The first flexural 


Fig. 17. Blistering of lightweight aggregate that occurred after 


about 4% hours of fire test. 


crack appeared at midspan at 2 hr 20 
min. At 3 hours a number of flexural 
cracks about 1/8 in. wide were noted in 
the midspan region. Test was terminated 
at 3 hr 20 min. 

Beam 79. Lightweight, post-tensioned 
cold-drawn wire, bonded. At 10 minutes 
an area 20 in. long by 3 in. wide and 1 in. 
deep spalled near one end on the bottom 
of the beam exposing welded-wire-fabric 
cage. Some blistering of the aggregate oc- 
curred after 4 hours. Test duration was 4 
hr 33 min. 

Beam 89. Normal weight, post-ten- 
sioned cold-drawn wire, bonded. Early in 
the test a 30-in.-long corner spall oc- 
curred similar to that described for Beam 
76. The behavior during the test and the 
fire endurance was similar to that of com- 
panion Beam 78, even though Beam 89 
had neither a welded-wire-fabric cage nor 
flange insulation. Test duration was 3 hr 
18 min. 


TEST RESULTS 


General 


Table 3 summarizes the significant results 
of the fire tests. Load intensities, as indi- 
cated by the ratio of applied moment at 
midspan to calculated ultimate moment 
capacity ranged between 0.51 and 0.55. 

Deflections at midspan during the fire 
tests are shown in Fig. 19. Fig. 20 shows 
expansion of the specimens measured at 
the bearings. Deflections and expansions 
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at O hour represent the movements 
caused by the live loads. Figs. 21 and 22 
show the temperatures of the main rein- 
forcement at midspan during each of the 
tests. 

Specimens in this series had fire endur- 
ances ranging from about 3 hours to more 
than 6 hours, as shown in Table 3. 


Effect of Reinforcement Type 


From Table 3 and Fig. 19, it can be seen 
that specimens made with reinforcing 
bars had the longest fire endurances. As 
indicated in Table 3, the test of Beam 84 
was stopped when an electric power fail- 
ure occurred. It is likely that the fire 
endurance would have reached about 6 
hours if the test had been continued. The 
next longest fire endurances were regis- 
tered by the specimens in which post-ten- 
sioned high-strength alloy steel bars were 
used. Specimens with cold-drawn wire or 
strand had shorter fire endurances. Since 
the specimens were simply supported, dif- 
ferences in fire endurances are related to 
the temperature-strength relationships of 
the various types of reinforcement (see 
Fig. C-1 in Appendix C). Test data on 
strength of alloy steel bars at high tem- 
peratures are given in Appendix B. 


Grade 40 and Grade 60 Reinforcement 


Beams 84 and 85 were similar except for 
the size and strength of the reinforcing 
bars. Beam 84 had steel with a yield 
strength of 46 ksi, while Beam 85 was 


Fig. 18. Loss of concrete at lower corner of Beam 82. 


made with 66 ksi steel. From the begin- 
ning of the fire tests until about 4 hours, 
the deflections of the specimens were 
about the same (Fig. 19). After 4 hours 
the specimen with the lower strength 
steel had somewhat greater deflection. 
Fire endurances of the two specimens 
cannot be compared directly because the 
test of Beam 84 was stopped when a 
power failure occurred. However, it ap- 
pears that the difference in steel strength 
did not significantly affect the behavior 
during the fire tests. 


Normal Weight and Lightweight 
Concretes 


One specimen in each of the four groups 
was made of lightweight concrete. Each 
group included a comparable specimen 
made of normal weight concrete. Behav- 
ior of comparable specimens during the 
fire tests can best be studied by examin- 
ing Fig. 19. In all cases the initial deflec- 
tions were greater for the lightweight con- 
crete specimens. This was to be expected 
since the concrete modulus of elasticity 
was lower for the lightweight concrete 
beams. After an hour or two of fire expo- 
sure, the deflections of the lightweight 
concrete specimens were less than those 
of their normal weight counterparts. 

The difference in behavior during fire 
of the normal weight and lightweight con- 
crete specimens was more pronounced in 
prestressed beams than in conventionally 
reinforced beams. For the lightweight 
concrete beam reinforced with Grade 60 
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Fig. 19. Midspan deflections during fire tests. 
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Fig. 20. Expansions of beams at bearings during fire tests. 
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Fig. 21. Temperatures of reinforcing bars and pretensioned 
strand during fire tests. 
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Fig. 22. Temperatures of post-tensioned reinforcement during 
fire tests. 


steel, Beam 86, the fire endurance was 


about 7 percent shorter than the compar- 
able normal weight specimen, Beam 85. 
However, in the prestressed specimens, 
the lightweight beams (75, 83, and 79) 


had significantly longer (12 to 37 per- 


cent) fire endurances than their normal 
weight counterparts (73, 82, and 78 or 


89). 


Bonded and Unbonded Post-tensioning 


Beams 80 and 76 were post-tensioned 
with unbonded tendons. Beams 82 and 


78 were their bonded counterparts. De- 


flections of the unbonded specimens were 
less than those of their counterparts (Fig. 
19), probably because the superimposed 
loads were considerably lower (Table 3). 
Table 3 also shows that the steel stress at 
ultimate, f,,,, of beams with unbonded 
tendons was significantly lower than for 
beams with bonded tendons. The fire 
endurance of Beam 80, made with un- 
bonded high-strength alloy steel bars, was 
5 hr 02 min while that of Beam 82 was 4 
hr 29 min. In the case of the beams with 
post-tensioned cold-drawn wire, the fire 
endurance of the beam with unbonded 
tendons (76) was 3 hr 04 min; while for 
the bonded counterpart (78), it was 3 hr 
20 min. 

The above data are too meager to draw 
sweeping conclusions. In one instance, 
unbonding resulted in slightly more than 
a 10 percent increase in fire endurance; 
while in the other case, the difference was 
somewhat less than a 10 percent decrease. 
With differences of about 10 percent in- 
crease or decrease it appears that the fire 
endurances of post-tensioned beams 
loaded to the same intensity, (Mp) + 
M,,)/M,,, are about the same whether the 
tendons are bonded or unbonded. 


Use of Mesh in the Concrete Cover 


The two specimens without 2x2—14/14 
welded-wire fabric (mesh) in the cover 
behaved roughly the same as those with 
mesh. Beam 74, which had no mesh, had 
a fire endurance of 3 hr 33 min even 
though it was damaged during fabrica- 
tion. Beam 73, which had mesh, had a 
longer fire endurance—3 hr 57 min. The 
difference in fire endurance was more 
likely a result of the damage to Beam 74 
than to the effect of mesh. Beams 78 and 
89 were made with and without mesh, 
respectively. Their fire endurances were 3 
hr 20 min and 3 hr 18 min. 
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Results of fire tests of beams made 
with siliceous aggregate conducted in 
England(®) indicated that mesh prevented 
spalling of concrete cover. Little or no 
spalling occurred in Beams 74 and 89 in 
which mesh was not used. On the basis of 
these two tests, it would seem that the 
use of mesh within concrete cover is 
unnecessary, particularly in beams made 
with carbonate aggregate with minimum 
cover of 2% in. 


Load Intensity 


The 13 beams firetested in this study 
were loaded within a narrow range of 
0.510 to 0.546 of their calculated ulti- 
mate capacities, so a meaningful analysis 
of the effect of load intensity cannot be 
made on the basis of these results. Two 
previous studies of simply supported 
beams and slabs,(2°9) however, show that 
as the load intensity is decreased, the fire 
endurance is increased. 


Temperature at Strand Hold-downs 


The effect of the hold-down devices at 
the strand deflection points on the strand 
temperature was evaluated in Beams 73, 
74, and 75. Thermocouples were attached 
to the two outermost bottom strands at 
the hold-downs located 4 ft on each side 
of the centerline of the beam, and at 8, 
16, and 24 in. from the hold-down points 
toward the centerline. Cooler strand tem- 
peratures were recorded generally at the 
hold-downs than at the indicated dis- 
tances away from these points through- 
out the test duration for each of the 
beams. For example, at 3 hours the tem- 
perature of a strand at a hold-down of 
Beam 73 was 810 F, while at 8, 16, and 
24 in. from that point the strand temper- 
atures were 900, 850, and 845 F. At the 
hold-down 8 ft away the strand tempera- 
ture was 745 F. Strand temperatures 8, 
16, and 24 in. away were 850, 830, and 
810 F. 


ANALYSIS OF STRUCTURAL 
BEHAVIOR DURING FIRE TESTS 


General 


As indicated earlier, the beams were 
simply supported without axial restraint 
and were firetested under constant service 
load. For such conditions, structural fail- 
ure would be expected when the strength 
of the steel or concrete, or both, is 
changed by high temperatures to such an 


extent that the beam can no longer sup- 
port the service load. 

Most of the beams failed by yielding 
of the tensile reinforcement as evidenced 
by significant increases in both the deflec- 
tion and rate of deflection (Fig. 19) fol- 
lowed by crushing of the concrete at the 
top of the beam. 

In a preliminary attempt to analyze 
the results of the tests, the ultimate 
moment capacities of the beams were cal- 
culated in accordance with the equations 
in Reference 9. Strengths of the steel and 
concrete for the measured temperatures 
at the end of test (Figs. 21 and 22) were 
used in the calculations. Strain distribu- 
tions were assumed to be unaffected by 
high temperatures. The service load mo- 
ments were generally about 70 to 85 per- 
cent of the ultimate capacities calculated 
in this manner. 

To calculate more accurately the ulti- 
mate capacities at the end of test, a more 
detailed approach was needed. It was 
necessary to consider not only the mate- 
rial strengths, but also deformations re- 
sulting from (a) the nonlinear tempera- 
ture distribution over the depth of the 
beam, and (b) creep of the steel at high 
temperatures. To study the effects of 
these items on the strength and stiffness 
of the cross section, moment-curvature 
relationships (MCR) were calculated. 
From the MCR’s, initiation of failure by 
yield of the steel can be detected and 
beam deflections can be calculated and 
compared with measured values. 


Moment-Curvature Relationships 


The moment-curvature relationship for a 
particular crosssection can be _ repre- 
sented graphically by plotting moment, 
M, against curvature, y = B/x, which isa 
measure of bending deformation of the 
beam over the length (Fig. 23), assuming 
that the plane sections remain plane. If 
the moment varies over the length, x, the 
curvature at any section is defined as 


d 
7. 
This in turn can be expressed as 
yece 
Ay 
which is the slope of the strain diagram 


(Fig. 24). 

Fig. 25 shows MCR’s at midspan for 
some of the beams at room temperature. 
Points on the MCR diagrams were calcu- 
lated by a computer program using the 
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Fig. 23. Curvature of a beam subjected to a uniform bending 


moment. 


dx fe 


stress-strain relationships for the particu- 
lar steel and concrete in each beam. 
Points Y and U, shown in Fig. 25, are 
important structurally. Point Y indicates 
the value of the yield moment, M,, due 
to yielding of the steel, and point ae the 
value of ultimate moment, M,, due to 
crushing of the concrete, which was 
assumed to occur at an ultimate compres- 
sive strain of €, = 0.003. 


MCR Including Effects of Thermal 
and Creep Strains 


When a beam is subjected to a fire test, 
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Fig. 24. Relationship between strain and curvature. 
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Fig. 25. Comparison of moment-curvature relationships for 


representative specimens. 


strains resulting from temperature gradi- 
ents and creep affect the MCR. These and 
the strains from prestressing may be 
termed “imposed strains,” €,. They do 
not originate from applied service loads 
and are not necessarily compatible with 
the geometrical continuity of the mate- 
rial. To preserve strain compatibility, 
stresses (0) and related strains (€,) will 
arise. For simplicity it is generally as- 
sumed, with good accuracy for slender 
members, that strain compatibility is 
achieved if plane cross sections remain 
plane after deformation. In addition to 
strain compatibility, the stresses must 


conform to the stress-strain relationships 
of the materials and must be in equilib- 
rium with the applied loads. 

Fig. 26 illustrates the influence of im- 
posed strains and also shows the relation- 
ships between stresses, strains, and ap- 
plied loads. It can be seen that the curva- 
ture, W, is defined in both cases as the 
slope of the total strain diagram. 

Fig. 27 shows the relationships be- 
tween stresses, strains, and external loads 
at a given test time for the beams in this 
series. The imposed strains in the con- 
crete, €;,, were assumed to be solely the 
result of thermal expansion: 
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Fig. 26. Strain and stress distributions as affected by imposed strains. 
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Fig. 27. Strain and stress distributions for beams firetested in this series. 


Eje = 4, AI, 
where a, is the coefficient of expansion 
of the concrete and A@, the measured 
temperature change in the concrete. The 
total strain distribution was nonlinear 
owing to the temperature gradient, but 
was represented by two straight lines, 
1 and 2, for simplicity. The imposed 
strains in the steel, €,,, were assumed to 
be the result of prestressing (e, ), thermal, 
and creep (€,,) effects: 
j= —€, Ta; (as ig oo ope 


where a, is the coefficient of expansion 
of the steel and AQ, is the change in steel 
temperature. The creep strains in the steel 
were estimated using the average meas- 
ured temperature of the steel at midspan, 
together with experimental data reported 
by Harmathy and Stanzak.('°) Detailed 
calculations are given in Appendix C. At 
the time of failure, average creep strains 


were estimated to be between 0.01 and 
0.02. For ultimate capacity calculations, 
€,, = 0.010 was used for reinforcing bars 
and €,, = 0.015 for prestressing steel. It 
was further assumed that concrete does 
not resist tensile forces and that the 
stress-strain relationships for concrete and 
steel are modified by temperature. 

A computer program was developed to 
calculate MCR’s using the concepts illus- 
trated in Fig. 27. Table 6 shows the 
values assumed in the calculations (see 
Appendix C). MCR’s at midspan were 
calculated for all specimens for condi- 
tions: (a) at room temperature, (b) at end 
of test without thermal or creep strains, 
and (c) at end of test with thermal and 
creep strains. For Beam 78 and Beam 85, 
MCR’s were also calculated for 1-hour 
and 3-hour test times. These MCR’s are 
shown in Figs. 28, 29, and 30. 


Calculation of Ultimate Moment 
Capacity (Including Effects of 
Imposed Strain) 


Calculations for the ultimate moment 
capacities shown in Table 7 were based 
on the general procedures outlined in 
Appendix C. However, to illustrate the 
effect of imposed strains on ultimate 
moment capacity, consider the beam 
shown in Fig. 31. For simplicity, assume 
that imposed strains (resulting from ther- 
mal expansion and creep), €;, are intro- 
duced only in the steel. (Imposed strains 
in the concrete compressive zone would 
be relatively small because the tempera- 
ture would be much lower than that of 
the steel; so the results would not be 
altered significantly if imposed strains 
were also assumed to exist in the con- 
crete.) Assume also that the stress-strain 
relationships shown in Fig. C-2 (Appen- 
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dix C) represent the behavior of steel at 
high temperatures. Calculate the ultimate 
capacity of the beam for an assumed ulti- 
mate concrete strain of 0.003. 


For equilibrium of forces: 


0.85f,,.ba = Eg €,A, (where €, < é, (1) 


= constant) 


where £4 is the modulus of elasticity of 
the steel at a temperature 0. 


For equilibrium of moments: 
M9 =E,9€,4,d — 0.85f/,b a (2) 
From the strain diagram: 
€,,k,d 


OES =a ee 
Crete tne 


(3) 


Substituting in Equation (1) and defining 
do = fyoAg/f.bd, then solving for €,: 


Care, 
= 5 
1 3.4€,k,€ 
em) UA) 


6 


With €,, a can be calculated from Equa- 
tion (1): 


EB gt A 

en SOS OnoS 
a ~0.85fb (where €, <€,,) 
or pe s (where €, >€,) 
0.85f',b ey 


Finally, M,, can be calculated from 
Equation (2): 


M9 = bd? fd (1 — 0.5996) 
(fortey —e; ) 
E€ 


where q) =) — (5) 
fy 


or M4 = bd? f.do (1 — 0.599) 


(fore, = é;) 


For Beam 85, 
b =26in. 
ad = 20.25 in. 
A, =8.0sq.in. 
fo =5.9ksi;k, =0.75 
1 = 66 ksi 
6. =1000F 


Ss 


fyo = 0.7 (66) = 46 ksi (Fig. C-1) 


TABLE 6. Imposed Strains 


Expansion Thermal strain distribution 
coefficients, & ie 
deg F-! he, /Ay Leg Assumed 
ic i steel Pre- 
Beam Top,* | Bottom,** creep | stressing | 
no. Steel Concrete | in: inst t Wit 3% strain,tt | strain, | 
eles 
84 7.0X10° | 0.0002 | 0.0013 | 
85 |6.5xX10°| 7.0x10° | 0.0001| 0.0012 
86 5.0X10° | 0.0001| 0.0009 
73 7.0X10* | 0.0002] 0.0014 
74 |6.5x10°| 7.0x10* | 0.0001] 0.0012 
75 5.0X10° | 0.0001| 0.0007 
ee lene 
80 7.0X10° | 0.0002! 0.0008 0.0032 
82 |6.5x10°| 7.0x10° | 0.0002] 0.0011 | 0.0100| 0.0038 | 0.0048] 0.015 | 0.0032 
83 5.0X10° | 0.0001| 0.0008 | 0.0074 | 0.0032 | 0.0045 
76 7.0X10* | 0.0001| 0.0012 | 0.0092 | 0.0022 | 0.0033 
6 
78 7.0X10* | 0.0002} 0.0014 | 0.0082 | 0.0020 | 0.0026 
6.5X10° Ee 0.015 | 0.0056 
79 5.0X10° | 0.0001| 0.0009 | 0.0075 | 0.0018 | 0.0028 
89 7.0X10* | 0.0001| 0.0016 0.0092 | 0.0025 0.0030 
Hie 


*Inclination of thermal strain diagram at top concrete fiber. 
**Inclination of thermal strain diagram at bottom concrete fiber. 
t Difference of thermal strains between bottom and top concrete fiber. 
tt Difference of thermal strains between upper steel and top concrete fiber. 
+Difference of thermal strains between lower steel and top concrete fiber. 
++See Appendix C for explanation. 


6 


€; 


o 


_ 46(8.0) 
5.9(26)(20.25) 


= 0.118 


=e, +€,, = 6.5 X 10*(930) 
+ 0.010 = 0.016 


(assuming €,,, = 0.010) 


_ 0.019 
2 


+5 (0.019) 4 9.00765(0.00228) 


0.118 
—0.019 + 0. 
rr eee oars 
BS 
Since fo Sy = 99 900 ~ 0.00228 
0. 
Go= 0.118 Soe 0.090 


M,,9 = 26(20.25)? (5.9)(0.090) 
(1 —- 0.59 X 0.090) 


= 5,475. in. —k 


By assuming various values of €,,, 
other values of M,, can be calculated. 
Fig. 32 shows the relationship between e; 
and M_, for Beam 85 based on these sim- 
plified equations. It is significant that in 
Fig. 32, imposed strains (€,) less than 
0.0109 do not affect the value of M,,. 
The degree to which ultimate moment 
capacity is affected by imposed strains is 
a function of the critical imposed steel 
strain, e. where 


q 

e,=(€, +¢,) raat (6) 
aha Sa 0.85k,€, 
in which gg, = ———— 
ee ee 


Fig. 33 shows the variation of é; as a 
function of qg/qdg,, assuming eae 
0.00228. 

From the above simplified calculations 
it may be concluded that the effect of a 
given imposed strain is less pronounced 
as: (a) the ultimate concrete strain in- 
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BEAM 85-GRADE 60 BARS BEAM 73 ~—7-WIRE STRANDS 


a 


Strain Scale: * ; Strain Scale: 
c ain Scale: 

e Upper reinf. 
© Lower reinf. fe) 0.01 


fo) 0.01 
IMPOSED THERMAL, CREER 


SECTION IMPOSED THERMAL 
AND CREEP STRAINS SECTION AND PRESTRESSING STRAINS 


*See Table 6 footnotes 
asa eae ae I camel aes 
A: Prestressing strains 
B : Prestressing and thermal strains 
C: Prestressing, thermal, and creep strains 


10,000 ———_.—_,—+ oT a T 
A: No imposed strains 
B: Thermal strains only 
C: Thermal and creep strains 


fe) 
fe) 
oO 


Moment, in- kip 
on 


O 0.0005 0.001 ) 0.0005 0.001 
Curvature,W, in?! Curvature, Y, in.! 


Fig. 28. Comparison of end-of-test MCR’s shows effect of thermal and creep strains. 


BEAM 82-HIGH-STRENGTH ALLOY BARS BEAM 78-COLD-DRAWN WIRE 


-d 
Sp 
€,-d 
e e@ 
@ e ie 
p 
Strain Scale: Strain Scale: 
= 
(0) 0.0! 10) 0.01 
IMPOSED THERMAL, CREEP IMPOSED THERMAL, CREEP 
SECTION AND PRESTRESSING STRAINS SECTION AND PRESTRESSING STRAINS 


10,000 * See Table 6 footnotes 
A: Prestressing strains only A: Prestressing strains only 

B: Prestressing and thermal strains B: Prestressing and thermal strains 

C: Prestressing, thermal,and creep strains C: Prestressing, thermal,and creep strains 
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Moment, in.-k 


0.001 0) 0.0005 0.00 


(0) 0.0005 
Curvature, y sinc! 


Curvature, y int 


Fig. 29. Comparison of end-of-test MCR’s shows effect of thermal and creep strains. 
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FINAL STRAINS: 


10,000 aie Gaeta) 
Y a Beam 85 = Beam 78 
T . ~ 
Ultimate moment, M,, 
Y \=ultimate moment, M,, ote for ¢, = 0.003 
. Cela BT BG fore, =O. 003 R . oe 
a, e Servi a = Service moment, 
€ moment Mg 5250k-in ° M, = 5300*"'" 
c 5,000 6 hr |3min y =o . 
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med hats 7] o 
| i ‘ 
O Q.0005 0.001 O 0.0005 0.001 
Curvature,y, in! 


Curvature, y, ins! 
Fig. 30. Comparison of MCR’s during fire tests and for various values of creep strain at end of test 


TABLE 7. Summary of Calculated Ultimate Moment Capacities and Deflections 


Midspan ultimate 


Midspan moment capacities | Service to ultimate End-of- test 
service at end of test* capacity ratios deflections 
. Beam moment, : Tray z= 
Bo: Mug tf Myo T M, M, Measured, Calculated,t t 
in.-kips in.-kips in.-kips Mie Mie in. in. 
84 4,770 6,940 6,940 0.690 0.690 20.0 24.0 
85 5,250 6,707 5,692 0.782 0.920 26.0 22.8 
5,250 7,531 5,025 0.698 | 1.040 17.0 20.6 
4,824 0.846 1.040 22-2 22.3 
74 5,361 0.711 0.945 U7 Ae 19.9 
3,808 0.837 1.150 23.0 Qin 
4,279 0.685 0.838 22.0 22.9 
4,978 0.782 0.962 25.5 26.2 
83 4,016 0.829 1.190 23.8 25. 
0.697 0.870 16.3 23.9 
0.825 0.975 22.0 25:2 
0.824 1.090 20.0 2280 
0.848 1.020 23.0 25.1 


*Ultimate moment capacity obtained by computer program. 


**M1,9 = ultimate moment capacity including prestressing and thermal strains only. 


tMuo = ultimate moment capacity including prestressing, thermal, and creep strains in the 


steel shown in Table 6. 
ttSee Appendix C for calculation method. 


-s 0.85 ft 

be eee 
A C=0.85 fi ba 

fk Sas ES 

d 
€o T=Eogeg Ay 
§j 
SEC- IMPOSED TOTAL STRESSES AND 
BEAM TION STRAINS STRAINS FORCES 


Fig. 31. Strain and stress distributions with imposed strains only in the steel. 


8000 
Equations (5) 


Table 6 


By computer using 
strains as shown in 


| 


Strain, €,= 


Fig. 32. Effect of imposed strain on the ultimate capacity of Beam 85. 
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Fig. 33. Critical imposed strains for rein- 
forcing bars in rectangular beams. 


creases, (b) the steel temperature in- 
creases, (c) concrete strength increases, 
and (d) the steel ratio decreases. Com- 
puter calculations have shown that these 
conclusions are also valid for prestressed 
concrete beams. 


Calculation of Deflection 


Midspan deflections at the end of test 
were calculated for the specimens indi- 
cated in Figs. 28 and 29, and at 1 hour 
and 3 hours for Beam 78 and Beam 85. 
Deflection calculations require informa- 
tion on curvature at all sections along the 
beam. Because the location of the rein- 
forcement varied along the length of 
some of the beams, MCR’s were calcu- 
lated at several sections to determine the 
curvatures at those sections. From the 
curvature at all sections along the beam, 
the deflection at any point can be calcu- 
lated with the unit load equation, 


A = fvemas 
L 


where m, is the moment at any section 
resulting from a unit load at the section 
where the deflection is to be calculated, 
and L indicates integration over the 
length of the beam. Deflections were then 
calculated by applying Equation (7). A 
more detailed discussion of the deflection 
calculations is included in Appendix C. 
Deflection calculations served to verify 
the ultimate moment calculations. 


(7) 


Comparison of Calculated and 
Measured Values 


Table 7 summarizes results of ultimate 
capacity calculations and compares the 
calculated values with the applied mo- 
ments. The more detailed calculations 
(which included the effects of thermal 
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and estimated creep strains) gave results 
that agreed closely with the measured 
values. The calculated deflections also 
agreed well with test data. Thus the 
assumption that €,, = 0.003 appears to be 
reasonable. Because of difficulties of 
measuring strains at high temperatures, €,, 
was not measured during the tests. Fig. 
34 shows the effect of the magnitude of 
the arbitrarily assumed creep strains on 
the ultimate capacity of some of the 
specimens. 


0.8 


| 
0.01 0.02 


Creep Strain, €,, 


Fig. 34. Effect of creep strain on ultimate 
moment capacities of one beam from 
each group. 


Even though the ultimate capacity cal- 
culations should be regarded as approxi- 
mate (particularly when temperature and 
time effects are involved), good agree- 
ment was achieved between calculated 
and measured values, illustrating the signi- 
ficance of considering thermal and creep 
strains. 


SUMMARY 


The 13 beam specimens in this series of 
tests had fire endurances ranging from 
more than 3 hours to more than 6 hours. 
All beams were simply supported on 
roller bearings on a 40-ft span and were 
loaded to more than half of their calcu- 
lated ultimate capacities during the tests. 

Beams with Grade 40 and Grade 60 
reinforcing bars had the longest fire 
endurances—well in excess of 5 hours. 
Beams with post-tensioned alloy steel 
bars had fire endurances of about 4% to 5 
hours. Beams with pretensioned strand or 
post-tensioned cold-drawn wire had fire 
endurances of 3 to 5 hours. 

Beams with Grade 60 bars behaved 


about the same as with Grade 40 bars. 

Beams with unbonded post-tensioned 
reinforcement behaved about the same as 
their counterparts with bonded reinforce- 
ment. 

Among the prestressed beams, those 
with lightweight concrete had longer fire 
endurances than their counterparts made 
of normal weight concrete. The behavior 
was about the same for the nonpre- 
stressed reinforced normal weight and 
lightweight concrete beams. 

Use of mesh (2x2—14/14 welded-wire 
fabric) within the cover thickness had no 
significant benefit. In fact, beams without 
mesh spalled less than their counterparts 
with mesh. 

A method is presented for calculating 
ultimate capacities and deflections of 
concrete beams during fire tests. It takes 
into account the thermal and creep 
strains resulting from temperatures occur- 
ring within the beams during the tests. 
Calculated values agree reasonably well 
with test results. Thus, it is feasible to 
calculate the fire endurance of reinforced 
and prestressed concrete beams. 
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APPENDIX A. Load Tests of Beams Post-tensioned with 
Unbonded Tendons 


The ultimate capacity of unbonded prestressed concrete 
members can be calculated by the formulas given in ACI 
318-63,6) but the method generally underestimates the 
true ultimate capacity. The method assumes that f,,,, the 
stress in the steel at ultimate load, is 15,000 psi greater than 
the effective steel prestress. To determine accurate values of 
f,, for the beams with unbonded reinforcement, Beams 77 
and 81, which were companions to Beams 76 and 80, were 
load-tested in the PCA Structural Laboratory. 1) 

The beams were tested in the manner shown in Figs. A-1 
and A-2. Each beam was supported on a 39-ft span with a 
rocker bearing at one support and a roller bearing at the 
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other. Load was applied in approximately equal increments 
at eight equally spaced points. Electrical strain gages were 
cemented to the specimen to aid in detecting cracks. Beam 
77 failed under an applied load, P,,, of 10.0 kips at each 
load point. The comparable load for Beam 81 was 9.35 
kips. Failure occurred by crushing of the compression 
block. This was not a violent type of failure but one that 
progressed rapidly after the initial crushing was observed so 
that no further increase in load could be sustained by the 
specimen. Fig. A-3 shows Beam 77 after test with cracks 
darkened for photographic purposes. Load-deflection rela- 
tionship for both beams is shown in Fig. A-4. 

Values of f,,, shown in Table 3 for Beams 77 and 81 
were calculated from the ultimate moment capacity of the 
beams determined by these tests: 


Fig. A-2. Beam 77 prior to load application. 
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Fig. A-3. Beam 77 after load test. 
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Fig. A-4. Load-deflection relationships for structural tests. 


The ultimate moment capacity is 
M,=Mp+t+M, 


where 
2 


Mp = dead load moment = aa 


M, = applied load moment at failure = 54P,, 
w = weight of beam per foot of length based ona 
unit weight of 150 pcf = 0.415 k/ft 
& = span length = 39 ft 
P,, = ultimate load applied at each load point 
(Fig. A-1) 


From ACI 318-63¢6) 


M,=¢ Ex : 5) 
where 


f,. = calculated stress in prestressing steel at ultimate 
load, ksi 


¢ = capacity reduction factor = 1.0 since the 
material strengths and section dimensions were 
known 


A, = area of prestressing steel, sq in. 


d = distance from top of specimen to centroid 
of steel = 20:25 in. 


a = depth of equivalent stress block =A f,,,/0.85f/.b 
f.. = compressive strength of concrete, ksi 
b = width of compression face of flexural 
member = 26 in. 
Beam 77: 
P,, = 10.00 kips, A, = 2.36 sqin., fe = 6.36 ksi 
_ we? = 0.415(39)? 
8 8 
M, = 54P,, = 54(10.0) = 540 ft-kips 
M, =Mp +M, = 619 ft-kips = 7,440 in.-kips 


Mp = 79 ft-kips 


M,, =Agd,(d—5) =A, f a sastirg|= 740 
u~ Ashu oo su |°2(0.85)f,5 |” 


aii ale aN 
M, = 2.36f 54 [20-25 ~ 7363626) |” 
ie = {\(or7/ ksi 


Beam 81: 
= 9.35 kips, A, = 3.14 sq in., f, = 6.31 ksi 


M, = 54 X 9.35 = 504 ft-kips 
M,, = 504 + 79 = 583 ft-kips 
fo lots 


The test ultimate moment for Beam 77 was within 1 
percent of the ultimate moment capacity calculated by the 
formulas in ACI 318-63. For Beam 81, the test ultimate 
moment was about 4.5 percent higher than the ACI 318-63 
value. 


APPENDIX B. Hot Tensile Strength Tests of 
High-Strength Alloy Bars 


Hot tensile strength tests similar to those described in PCA 
Research Department Bulletin 134('2) were made on com- 
mercially available 1-in.-diameter high-strength alloy steel 
bars. Tests were made in a universal testing machine. The 
steel specimens were heated at the rate of 10 deg F per 
minute over a 12-in. length. After equilibration of tempera- 
ture at the test level, load was applied until failure oc- 
curred. Tensile strengths were determined at room tempera- 
ture and from 200 F to 1400 F in 100- and 200-degree 
intervals. Generally, rupture occurred at or very near the 
center of the heated zone. However, at 400 F and 500 F 
failure occurred just outside of the heated zone, suggesting 
that in this temperature range the hot tensile strength is 
greater than the strength at room temperature. 

Results of the hot tensile strength tests are shown in Fig. 
B-1. Since values at 400 F and 500 F could not be obtained 
by the test procedure, the curve is shown as a dashed line in 
that temperature range. 
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Fig. B-1. Tensile strength of high-strength alloy steel bars at 
high temperatures. 


APPENDIX C. Calculation of Ultimate Moment Capacity 
and Deflection of Concrete Beams During Fire Tests 


Introduction 


The deflection of a beam at normal temperatures is depend- 
ent upon the relationship between moment and curvature 
for all cross sections along the length of the beam. For 
concrete beams, the yield moment, M,, is characterized by 
yielding of the tensile steel and the ultimate moment, M,, 
by crushing of the concrete. Fig. 25 shows a moment-curva- 
ture relationship (MCR) graphically, and M, and M,, are 
labeled Y and U, respectively. At Y, a sharp decrease in 
stiffness occurs as indicated by the change in slope of the 
curve, and at U, the concrete crushes depleting the moment 
capacity. The strain at which concrete crushes, €,,, var- 
ies,43) but we have used a value of 0.003 in accordance 
with ACI 318-63.(6) 

Ultimate capacities and deflections of beams exposed to 
fire can also be calculated using moment-curvature relation- 
ships. However, in the MCR computations, modifications in 
material properties owing to the high temperatures and the 
effects of imposed thermal and creep strains must be intro- 
duced. The strain compatibility assumption that plane sec- 
tions remain plane after deformation is made for beams 
exposed to fire as well as for beams at normal temperatures. 


Material Properties at High Temperatures 


Stress-Strain Relationships. Fig. C-1 summarizes infor- 
mation on modulus of elasticity of concrete and strength of 
steel and concrete at high temperatures.(!2.14,15,16) From 
the data in Fig. C-1, “instantaneous” stress-strain relation- 
ships for steel and concrete can be mathematically approxi- 
mated for computer use as follows: 


For steel 
0.9 = Pa) (C-1) 


where o(€) is the stress-strain relationship at normal temper- 
atures and Pg is the ratio of the strength at temperature 0 
to that at normal temperature. For reinforcing bars, Dg is 
based on the yield strength, whereas for prestressing steel it 
is based on tensile strength. One of the consequences of this 
assumption is that the yield strain for reinforcing bars does 
not vary with temperature. This assumption appears to be 
reasonable considering the experimental results reported by 
Harmathy and Stanzak.( 9) 
For concrete, 


- (Eco es) (C-2) 


[C69 = foo lie 


fOr €5 = €,, 


where f... = measured concrete strength at temperature 0 

Eg = measured initial concrete modulus of elasti- 
city at temperature 0 

€, = variable strain 

€,, = ultimate concrete strain 


Other mathematical relationships could be used but the ac- 
curacy of the results would not improve significantly. 
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Concrete’s ultimate strain, €,,, is not accurately known 
at high temperatures. It seems reasonable to assume that €,, 
increases with temperature as is the case with steel.(19) 
Stress-strain relationships developed for steel and concrete 
are shown in Fig. C-2. It should be emphasized that the 
relationships are only reasonable approximations, since 
they are not entirely based on measured values. 


Creep. The stress-strain curves in Fig. C-2 do not reflect 
any time-dependent effects such as creep. At high tempera- 
tures, creep of concrete can be significant. 7) However, 
since the compressive zone of the beams tested remained 
relatively cool, the effects of concrete creep were neglected 
in the calculations for moment capacity and deflection. 
Creep of steel was included in the calculations because the 
ultimate moment capacity was influenced significantly by 
the creep of the steel. The creep strains of the steel used in 
the calculations were computed from experimental findings 
of Harmathy and Stanzak.(@ ©) Harmathy( 8) derived Equa- 
tion (C-3) to describe creep of metals under constant stress. 
(Notations have been modified to be consistent with those 
used in this report.) 


=1-dé,, € 
= 2 cr is 
Zar = coth (= (C-3) 


to, 
where Z = Z(o); Z = Zener-Holloman parameter 
Ero = €¢0(0) = dimensionless creep parameter 
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Fig. C-1. Some properties of steel and concrete at high 
temperatures. 
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t 
and = =6T -[ eAH/RO(t) dt for @ = O(t) (C-3a) 
Oo 


T = temperature-compensated time 


or T = ec AH/RO¢ for constant 0 


0 = temperature 
€., = creep strain 
AH = activation energy of creep 
R = gas constant 
t = time 
To obtain ¢ as an explicit function of €,,, Equation (C-3) 
can be integrated, yielding for constant 0 


€ € € 
t See ee ( <"—tanh Ss ) (C-4) 


€to to 


Values obtained experimentally © fore,,,Z, and AH/R 
for prestressing steel (ASTM A 421) and structural steel 
(ASTM A 36) can be substituted in Equation (C-4) to give 


55,000 
= 21 0 Pec = €or : 
ie SS (sas tanh 9.00739) (>) 


for ASTM A 421 steel stressed to 100,000 psi, ¢ measured 
in hours, and @ in degree Rankine; and 


70,000 


6 eG (S 
$= 882X107? ¢ f <"—_ _ tanh “3 (C-6) 


0.0193 0.0193 


for ASTM A 36 steel stressed to 40,000 psi. 

Fig. C-3 shows Equations (C-5) and (C-6) graphically for 
various temperatures. Similar equations were also obtained 
for various stress levels, as shown in Fig. C-3. 

To calculate creep strains resulting from a constant stress 
but varying temperature history, 0(t), Equation (C-3a) must 
also be integrated, and in most cases, numerical integration 
is necessary. From Equation (C-3), 


€t0( er €or\ _ . - AH/R0; 
7a (s- tanh i. Tx », e At, (C-7) 


to to = 
i=1 


where mn =number of time intervals 
At, = time intervals 


6; = average temperature during time interval At; 
(Fig. C-4) 


From Equation (C-7), €,,, can be calculated for a chosen 
set of 8; and At;, approximating the actual temperature 
history. For this investigation, however, we found that it 
was sufficiently accurate to use the equations shown in Fig. 
C-3 in a step-by-step manner for each 100 F increment of 
temperature. 

As an example, consider the average steel temperature 
history of Beam B-73 and assume that the stress was con- 
stant at 100,000 psi. The temperature history was replaced 
by a stepped variation of 100 F intervals as shown in Fig. 


C-5. Fig. C-6 indicates the procedure and shows that the 
total creep strain at t =f, is 
Cae et Ca nes 


Creep strains at the end of test were estimated by this 
procedure for each specimen. The values depend upon 
many factors and vary widely. Average values of €,, = 
0.010 for reinforcing bars and 0.015 for prestressing steel 
were assumed merely for purposes of comparison. 


Thermal Expansion. Although the thermal expansions of 
steel and concrete do not vary linearly with temperature 
(particularly for concrete at high temperatures), a linear 


relationship 
€g = add 


was used with the following values of coefficients of expan- 
sion, a: 
7.0 X 10°/deg F 


For normal weight concrete 
5.0 X 10*/deg F 


For lightweight concrete 


For steel 6.5 X 10°*/deg F 
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Fig. C-2. Typical stress-strain diagrams used for computing 
ultimate capacity and deflections. 
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Fig. C-3. Creep strain of steel at constant stress for various temperatures (Refer- 


ence 10). 


Strain Compatibility (Including Imposed Strains) 


In stress analyses of slender rectilinear structural elements, 
strain compatibility of the material can be achieved by as- 
suming that plane sections remain plane after deformation. 
Whether the deformation is caused by applied loads or by 
imposed strains, stresses computed by making this assump- 
tion are generally accurate enough for design purposes. 
While calculation of stresses resulting from applied loads is 
well understood, a discussion of stresses resulting from im- 
posed strains might be useful. 

Imposed strains can be introduced at a cross section 
from many sources, such as thermal expansion, creep, 
shrinkage, and prestressing. Such strains create stresses in 
much the same way that support settlements create mo- 
ments in continuous beams. If these imposed strains, €;, do 
not conform to the required material continuity, compati- 
bility stresses, o, and additional related strains, €,, will 
arise. 

For example, consider the beam shown in Fig. C-7a. 
Assume that the beam consists of thin vertical slices (Fig. 
C-7b) and that material compatibility between the slices is 
not required. If a nonlinear temperature distribution is im- 
posed as shown in Fig. C-7c, a nonlinear strain distribution 
will result as indicated in Fig. C-7d. If the tops and bottoms 
of the slices are in contact, a gap will be produced. Stresses 
have not been created in the slices since compatibility is not 
required. To maintain compatibility, the faces of the slices 
are assumed to remain plane. This occurs in a real beam not 
composed of slices by the development of stresses as shown 
in Figs. C-7e and C-7f. At each section, these stresses must 
be in equilibrium with external loads and they must con- 
form to the stress-strain relationships of the material. 
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Fig. C-4. Arbitrary step-by-step approximation of steel tem- 
perature history. 
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Fig. C-5. Step-by-step approximation of steel temperature 
history for Beam 73. 
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Fig. C-6. Use of constant-temperature creep curves to esti- 
mate creep strains for a varying temperature history using a 
step-by-step procedure. 


Stresses resulting from imposed strains can be calculated 
by first considering compatibility (Fig. 26) 


€é; +e, =mt+ny (C-8) 
where m and nv are constants that must be determined. 


For equilibrium 
f odA =P 
‘A 


foam 
lA 


Equations (C-8) and (C-9) can be combined by using the 
stress-strain relationship, which in functional notation can 
be expressed 


(C-9) 


o = o(€,) = o(m + ny —€,) 


fon +ny ~e)aa =P 


A 


(C-10) 


(Cn) 
foo t+ny —€;)ydA =M 
rA 


The above equations are merely statements of general 
procedure. For each case they can be adapted to account 
for discontinuities such as those existing in reinforced con- 
crete beams (see Fig. 27). Solution of Equation (C-11) will 
give values of m and n. Then the stresses can be obtained 
from Equation (C-10). 

For the case of an elastic material with thermal strains 
(Fig. 26), compatibility can be expressed 
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Fig. C-7. Effect of curvilinear temperature distribution on 
strains and stresses in a beam. 


€; = €g = aAd(y) 

aAd(y) +e, =m+ny (C-12) 
From the stress-strain relationship 

o=Ee, (C-13) — 


For equilibrium, Equations (C-12) and (C-13) can be ex- 
pressed (assuming that y is measured from the centroidal 


axis): 
a ~Fa f a0 (vy) dy =P 
A, cA 
i ~ Ba f 30 0)» dy =m 
IA A 


but pura and f yaa =1 
MA 2) 


where A and / are the total area and moment of inertia of 
the cross section. 
So 


P+P, 
re ap where Py =Fa f a0) dy 


(C-14) 
M+M, 
n=——,— where M, = Ex | AO(y)y dy 
EI I 


P, and M, can be thought of as equivalent thermal load 
and moment. 


Substituting the expressions for m and n into Equations 
(C-12) and (C-13) 
PDP ee Maen, 
= + 
A I 


oO y — Eadd(y) (C-15) 


| 
| 
| 
which is the expression for stresses including thermal ef- 
| fects for slender elastic beams. This equation can be used to 
determine thermal cracking of the concrete by comparing 
the maximum tensile stress with the tensile strength of the 
‘concrete. Prior to cracking, concrete behaves very nearly 
elastically. 

In the above discussion, imposed strains were assumed to 
vary only vertically, that is as a function of y. In reality, 
imposed strains vary along the width of the beam as well as 
‘the depth. The previous discussion and equations could be 
} extended to include the effects of two-dimensional distri- 
bution of strain. For the beams in this study such a refine- 
ment was not considered to be warranted. 

Also, for unbonded post-tensioned tendons, the above 
equations are not strictly applicable, since Equation (C-8) 
does not apply at each section. An approximate method 
was used which considered that the steel “‘slipped,” thereby 
reducing its stress at midspan. 

For the calculation of the moment-curvature relation- 
ships in this report, the procedures outlined in Equations 
(C-8) through (C-11) and depicted in Fig. 27 were used. In 
Equation (C-11), various values were assumed for m and n, 
and calculated values of €,, P, and M. Because n is the 
curvature, W, a relationship was obtained for e,, P,M, and 

y. During the fire tests no restraint to thermal expansion 
was applied so P = 0. Consequently, only those values of 
€,,M, and were selected for which P = 0, obtaining the 
MCR for zero axial load. The ultimate moment was the 
| moment for which €, = €,, = 0.003 for the concrete. 


/ 


: Calculation of Defiections 
| Midspan deflections were calculated by use of the unit load 


equation 
a= f vende 
he 


where W, is the curvature at any point resulting from the 
applied loads, m, is the moment at any point along the 
beam caused by a unit load placed at midspan, and L indi- 
cates integration over the length of the beam. Since m, = 
x/2, and because of symmetry 


L L 
A=2 * y, Sax ale y.xdx  (C-16) 
0 0 


In most of the beams the depth of the reinforcement 
varied along the length. To calculate the deflection, it was 
necessary to use a different MCR at each section as shown 
in Fig. C-8. For simplicity, three sections were considered 
(Fig. C-8), so Equation (C-16) becomes 


0.2L 0.4L 0.5L 


A= oh Nien ap yo bite uf xdx 
0 0.2L 0.4L 


A =17(0.020~, + 0.060W, + 0.045y,) 
L =40ft 
A = 4,600, + 13,800Y, + 10,400¥, (inches) (C-17) 


where ¥,, W., and W, are curvatures at sections at 0.5L, 
0.3L, and 0.1L, respectively. 

Fig. C-9 shows MCR’s for sections 0.52, 0.3L, and 0.1L 
for Beam 73, and values of curvatures and deflections ob- 
tained. Substituting these values in Equation (C-17) 


A = 4,600 (0.00040) + 13,800 (0.000625) 
+ 10,400 (0.00117) = 22.3 in. 


The same procedure was followed for the other speci- 
mens and the results are shown in Table 7. 
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Fig. C-8. Illustration of procedure for obtaining curvature 
diagram. 
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Fig. C-9. Comparison of MCR’s at end of test for three 
sections of Beam 73. 
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